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Abstract
Objectives The aim of this study was to explore the
influence of the characteristics of Japanese patients on the
long-term outcomes after aortic valve replacement with
either mechanical or biological prostheses by means of a
microsimulation.
Methods A microsimulation model was used to simulate
the lives of patients living in Japan and in the United States
after aortic valve replacement. The background mortality
data taken from the 21st complete life table of Japan and
the bleeding hazard determined from a meta-analysis of
long-term results in Japanese institutions were used to
simulate Japanese patients. The life expectancy, event-free
life expectancy, and lifetime risk of structural valve
degeneration were calculated. A sensitivity analysis for
various bleeding hazards was performed.
Results Regarding the event-free life expectancy, the age
crossover points between the two valve types were 64–65
and 57–58 years for Japanese and American patients,
respectively. Regarding the life expectancy, the age
crossover points were 88–89 and 64–65 years, respec-
tively, for Japanese and American patients. The lifetime
risk of structural valve degeneration was higher in Japanese
patients than in American patients. The sensitivity analysis
showed that the age crossover points were sensitive to the
hazard of bleeding complications.
Conclusions The long-term clinical outcomes after aortic
valve replacement were simulated with a microsimulation
model. The results indicated that the age crossover points
in the advantages and disadvantages between mechanical
valves and bioprostheses may be higher in Japanese
patients than in American subjects.
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Background
The decision regarding whether to choose a mechanical or
biological prosthesis to replace diseased aortic valves is a
complex problem. It generally can be considered as the
tradeoff between the risk of reoperation for a bioprosthesis
due to structural valve degeneration (SVD) and the risk of
bleeding complications associated with long-term antico-
agulation for mechanical prostheses [1]. We usually think
that biological valves should be more advantageous for
elderly patients, because the chance of SVD would be
lower for two reasons; the shorter life expectancy and the
slower degeneration of the bioprostheses.
The Japanese Circulation Society Guidelines for Surgi-
cal and Interventional Treatment of Valvular Heart Disease
recommend the use of a bioprosthesis for patients older
than 65 years old for the aortic position [2]. However, most
of the references were from North America and Europe.
Some researchers have been expressing concerns that it
may be wrong to use the same recommendation for Japa-
nese patients, because the average life expectancy is longer
in Japan compared to the United States and most other
developed countries [3, 4].
We also found in our previous study that the incidence
of bleeding complications associated with mechanical
valves was considerably lower in Japan than in other
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countries by performing a comprehensive systematic
review [5]. Since the higher rate of bleeding complications
is the most important drawback of mechanical valves, this
may also influence the balance of advantages and disad-
vantages in the choice of prosthesis.
The aim of this study was to explore the influence of
these variables on the long-term results of patients who
undergo aortic valve replacement by either mechanical or
biological prostheses by performing a microsimulation.
A microsimulation model is a kind of Monte Carlo
simulation which simulates a representative population at
the individual patient level [6]. This can offer a comple-
mentary tool to a standard analysis [7].
Methods
A microsimulation model was used to simulate the lives of
patients living in Japan and in the United States after AVR.
We used a previously described microsimulation model by
Rotterdam group [8]. This microsimulation model was
developed to simulate the life of an age-, sex- and
nationality-specific patient after aortic valve replacement
either by a mechanical prosthesis or a bioprosthesis, taking
into account all morbidity and mortality events and
sequences of events. The details of the model have been
described elsewhere [9, 10]. The basic structure of the
model is shown in Fig. 1.
In brief, after aortic valve replacement, a patient either
dies as a result of the procedure or survives. If the patient
survives, then they remain at risk of developing valve-related
events for the rest of their life. The hazard estimates for all
valve-related events in the original model have been
explained in detail elsewhere [8, 9, 11]. Patients may or may
not survive the valve-related events with or without under-
going reoperations. The age-dependentmortality rate of each
valve-related event has also been modeled. Eventually, all
patients will either die due to valve-related causes or to other
causes. The simulation is repeated for a large number of
random patients (10,000 patients for each country, age and
gender in this study) until death, so that a virtual population
of country-, age- and gender-specific patients is created.
From this population, average estimates of the outcome can
be calculated, for example, the event-free life expectancy
(EFLE), total life expectancy (LE) and lifetime event risk.
The EFLE, LE and lifetime risk of SVD for patients in
Japan and the United States for various ages were calcu-
lated in this study. In this study, we changed several
variables from the original model to simulate contemporary
Japanese and American patients, as described below.
Hazards used for the US population
For residents in the United States, we calculated the
background mortality, which is the mortality experienced
by the normal population, using American life tables
derived from the Vital Statistics of the United States in
2009 reported by the Centers for Disease Control and
Prevention to update the data [12]. The statistics from 1992
were used in the original model [8].
In the original model, the bleeding hazard increased with
age, andwasgivenbyaGompertz function,where lambdawas
-8.71. Based on this assumption, the bleeding hazard in the
original model was 0.23 % per patient-year in patients aged
35 years, 1.58 % per patient-year in patients aged 60 years
and 4.9 % per patient-year in patients aged 75 years [8]. We
used these numbers to simulate patients in the United States.
Hazards used for the Japanese population
For the Japanese population, we changed two probability
distributions from the original model. These were the
background mortality and bleeding hazard. In the present
analysis we used the background mortality for Japanese
patients from the 21st life table made by the Ministry of
Health, Labor and Welfare of Japan based on the census
conducted in 2011 [13].
We obtained the bleeding hazard of mechanical valves
for Japanese patients based on our previous meta-analysis.
In this meta-analysis, we included studies that reported the
long-term results of valve replacement with bileaflet
mechanical valves reported from institutions located in
Japan between 1988 and 2010 [5]. In that study, we
obtained a bleeding rate of 0.41 %/patient/year at a mean
age of the mid 50s in Japanese patients who had undergone
aortic valve replacement.
For the bleeding hazard in Japanese patients, we used
the same Gompertz function as was used for the US pop-
ulation, but at a lower bleeding rate, and we substituted
Fig. 1 Schematic representation of the microsimulation model
showing different health states of a patient after aortic valve
replacement (reproduced with permission of the copyright owner.
Takkenberg et al. [18]). AVR aortic valve replacement
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-9.40 for lambda. The bleeding hazard was 0.54 % per
patient-year in patients aged 55 years, 0.79 % per patient-
year in patients aged 60 years, 2.5 % per patient-year in
patients aged 75 years and 3.6 % in patients aged 80 years
based on this assumption. These numbers are compatible
with the results of another meta-analysis of the results of
mechanical valves in the elderly population [14].
Sensitivity analysis for various bleeding hazards
We explored three level of hazard for bleeding events with
mechanical valves as a sensitivity analysis. These were
using lambda values of -9.40, -8.99 and -8.71 in the
Gompertz function. The values of -9.40 and -8.71 have
been already explained above. The value of -8.99 was
assigned as the number in the middle of these two numbers.
We performed this analysis because it is theoretically
possible that the bleeding hazard derived from our meta-
analysis might be somewhat lower than the true hazard
because of the nature of the retrospective studies that had
been included in the meta-analysis.
Results
Event-free life expectancy (EFLE) and total life
expectancy (LE)
The microsimulation model calculates the EFLE and LE
following aortic valve replacement with mechanical valves
and bioprostheses for patients of either sex and of different
ages. The EFLE in Japanese and US females is shown in
Fig. 2, and the LE values for these populations are shown
in Fig. 3.
Regarding the EFLE, for a 70-year-old Japanese female,
for example, the average EFLE was 9.64 and 10.30 years,
respectively, after implantation with a mechanical valve
and a bioprosthesis, whereas these were 7.06 and
8.69 years for an American female (Fig. 3).
The age crossover points between the two valve types
were 65 and 58 years, respectively, for Japanese and
American females (Fig. 2). Similarly, the age crossover
points were 65 and 58 years, respectively, for Japanese and
American males (figure not shown).
Regarding the LE, for a 70-year-old Japanese female as
an example, the average LEs were 12.47 and 12.04 years,
respectively, after implantation with a mechanical valve
and a bioprosthesis, whereas the average LEs were 9.59
and 9.87 years, respectively, for an American female
(Fig. 2). The age crossover points between the two valve
types were 89 and 65 years, respectively, for Japanese and
American females (Fig. 2). Similarly, the age crossover
points were 88 and 64 years, respectively, for Japanese and
American males (figure not shown).
Structural valve degeneration (SVD)
The lifetime risks of structural valve degeneration are
depicted in Fig. 4. As shown in the figure, the lifetime
































Fig. 2 The results of a
comparison of the average
event-free life expectancy
(years) in females after aortic
valve replacement with
mechanical valves and
bioprostheses in Japanese and
American patients. Asterisk and
hash symbol indicate the age
crossover points between
mechanical valves and
bioprostheses in Japanese and
American females, respectively.
JPN Japanese, EFLE event-free
life expectancy, USA United
States of America
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bioprosthesis decreases with an increasing age at
implantation, and is about 17.42 % for a 65-year-old
American female patient, and is 26.49 % for the same
age Japanese female patient (Fig. 4). The lifetime risk of




























Fig. 3 The results of a
comparison of the average life
expectancy (years) in females
after aortic valve replacement
with mechanical valves and
bioprostheses in Japanese and
American patients. Asterisk and
hash symbol indicate the age
crossover points between
mechanical valves and
bioprostheses in Japanese and
American females, respectively.
JPN Japanese, LE life












40 45 50 55 60 65 70 75 80 85 90
-31%LR/LIHWLPH69'
86$%LR/LIHWLPH69'
























Fig. 4 The lifetime risk of
structural valve degeneration in
Japanese and American females.
JPN Japanese, SVD structural
valve degeneration, USA United
States of America
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Sensitivity analysis
The results of the sensitivity analysis for the three bleeding
hazards on the EFLE in Japanese females are shown in
Fig. 5. As shown in the figure, the age crossover point
between the two valves is sensitive to the bleeding hazard.
The age crossover points were 65 years, as described
above, for a lambda of -9.40, 61 years for a lambda of
-8.99, and 58 years for lambda of -8.71 (Fig. 5).
Discussion
The aim of this study was to explore the effects of the
characteristics of Japanese patients on the clinical out-
comes after aortic valve replacement with the aid of a
microsimulation.
A microsimulation is a useful tool, especially when
evidence is scarce and the decision to be made is complex
[7]. This is indeed the case for the prosthetic valve choice
in Japanese patients. There is little hard evidence sup-
porting the prosthetic valve choice, and such data are even
scarcer for the Japan population. Only three randomized
controlled trials have been published worldwide, and none
of these was done in Japan [15]. The prosthetic valve
choice is a complex problem, because there are a variety of
clinically important outcomes that can arise due to pros-
thesis-related complications, and the hazard changes over
time after implantation. The whole remaining lifetime after
surgery in each patient has to be brought into perspective.
In this study, the microsimulation model predicted the
age crossover point between the valve types in Japan to be
64–65 years with regard to the EFLE and 88–89 years for
the LE. These age crossover points were significantly older
compared to the results of the simulations calculated for
patients in the United States. The age crossover points were
58–57 years for the EFLE and 65–66 years for the LE for
the patients in the United States. These results suggest that
the appropriate age to recommend implantation of a bio-
prosthetic valve may be older in Japan compared to the
United States.
As far as the EFLE is considered, the age crossover
point was 65–66 years old. This is the age that the current
Japanese guidelines recommend, and the recommendation
is compatible with our results. However, the age crossover
points were much higher when the LE was considered.
Several researchers have expressed their opinion that the
age recommendation for the use of a bioprosthesis should
be raised from 65 years for Japanese patients based on their
follow-up data [4]. Our results can be interpreted to support
their opinion, because most medical professionals, as well
as patients, will consider survival to be the most important
clinical outcome, and more important than freedom from
any valve-related events. We believe that it is advisable for
clinicians to be aware that there is possibility that the

































Fig. 5 The results of a
sensitivity analysis of the
average event-free life
expectancy for bioprostheses
and mechanical valves for three
different bleeding hazards
associated with mechanical
valves in Japanese females.
Estimated bleeding hazard;
lambda = -9.40, Higher
bleeding hazard: lambda =
-8.99, Very high bleeding
hazard; lambda = -8.71. See
the text for an explanation of
how we chose these numbers.
JPN Japanese, Bio
bioprosthesis, Mech mechanical
valves, EFLE event-free life
expectancy
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harmful in terms of the life expectancy, and our results
should therefore be carefully examined based on data
obtained in the real world.
In this study, we explored the effect of two different
probabilities. One was the background mortality in Japa-
nese populations. Japan has been known to have long life
expectancies, even among developed countries [3]. The
other is the low incidence of bleeding complications, which
we found in a previous systematic review [5].
Regarding the background mortality, there is little doubt
about the accuracy of numbers, because these data were
extracted from reliable official government sources from
Japan and the United States. However, the difference in
this study may be a little exaggerated as an example of the
differences among Japan, North America and Europe. First,
the United States has a relatively short life expectancy
among developed countries, being ranked 31st in the world
[3]. Canada, Australia and most western European coun-
tries have longer life expectancies. Second, it is well
known that the life expectancy significantly varies among
ethnic and socio-economic groups in the United States
[12]. Many renowned American medical centers publishing
important papers may be treating patients who belong to
groups having longer life expectancies than the general
population. Thus, it may be inaccurate to assume that
papers from the United States are the results of patients
who have the background mortality of the general
population.
We found an incidence of 0.41 %/patient/year of
bleeding complications in our previous meta-analysis [5]
and used the lower bleeding hazard for Japanese population
in this study. The lower incidence of bleeding complica-
tions may be considered contradictory to the increasing
anecdotal evidence of a higher incidence of intracranial
bleeding in East Asians compared to non-East Asians [16,
17]. However, we think that our results are compatible with
those data suggesting Asian’s are prone to bleeding. In
most of the paper included in our meta-analysis, the
patients were treated at a significantly lower international
normalized ratio (INR) range compared to the current
recommendations [5]. We believe that this explains why
patients bleed less in our meta-analysis compared to the
international multicenter randomized controlled trials
which mandated the same target INR range in Coumadin
control among all participant countries. We also think our
data are accurate, because the rate of thromboembolism,
which was 1.24 %/patient/year, was the same as the results
from Western countries [5]. We do not see any reason to
assume that only bleeding complications were inaccurate,
while the thromboembolism rates were correct.
Transcatheter aortic valve implantation has been intro-
duced in clinical practice. This undoubtedly is a signifi-
cantly different way of treating aortic valve disease
compared to surgical aortic valve replacement, and may
have a significant impact on the decision-making with
regard to the choice of prosthetic valve. Although we were
aware of this, we did not take this treatment modality into
account in the current study. We believe this procedure is
still immature, and it is not yet possible to estimate the
accurate hazard of prosthesis-related complications and the
procedure-related mortality and morbidity for a wide range
of patient ages.
This study is associated with several other potential
limitations that we would like to clearly state. First, we
used the data from Japan for two variables. The other
variables were taken from the original model, and are from
a meta-analysis of papers written in English, which likely
means that most of the data were from North America and
Europe. It is natural to think that variables other than the
two selected variables may also be somewhat different
from the numbers in contemporary Japanese practice,
although we did not see large differences in the incidence
of other valve-related complications in our meta-analysis.
We are planning to make our own original model and to
update all of the variables based on a large dataset from
Japanese subjects. In the meantime, the results of this study
should be informative as they provide the results of a
sensitivity analysis of an established model to better
understand the relationships between the characteristics of
Japanese patients and the balance of advantages and dis-
advantages for the different valve types.
Second, although this model took into account all of the
valve-related complications and their sequences, a micro-
simulation still is a simplified model of the real world, and
has its own methodological limitations, as described else-
where [7].
Conclusions
The long-term clinical outcomes of Japanese subjects
implanted with mechanical valves and bioprostheses were
simulated using an established microsimulation model with
variables changed to reflect the current status in Japan. The
results showed that the age crossover points of the LE and
EFLE were higher than those calculated for the US general
population.
Acknowledgments We thank J. J. M. Takkenberg at Erasmus
University for providing the details of their microsimulation model.
This work was supported in part by JSPS KAKENHI Grant Number
26462085.
Conflict of interest Authors have nothing to disclose with regard to
commercial support.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
Gen Thorac Cardiovasc Surg (2015) 63:260–266 265
123
distribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
1. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP
3rd, Guyton RA, et al. AHA/ACC Guideline for the Management
of Patients With Valvular Heart Disease: A Report of the
American College of Cardiology/American Heart Association
Task Force on Practice Guidelines. Circulation. 2014;129(23):
e521–643.
2. Okita Y, Okada Y, Otsuji Y, Komeda M, Nakatani S, Matsuzaki
M, et al. Guidelines for Surgical and Interventional Treatment of
Valvular Heart Disease (JCS 2012). Jpn J Cardiovasc Surg.
2012;42(4):27.
3. World Health Organization Web site Life expectancy: Life
expectancy Data by country: World Health Organization. Global
Health Observatory Data. http://apps.who.int/gho/data/view.
main.680?lang=en. Accessed 26 June 2014 (cited 26 June 2014).
4. Sezai A, Nakata K, Hata M, Yoshitake I, Wakui S, Takahashi K.
Are guidelines regarding prosthetic valve choice appropriate for
Japanese patients? Necessity to make an original guideline for
Japanese. Artif Organs. 2012;41(2):S60.
5. Abe T, Sakurai H, Sugiura J, Terada T, Taneichi T. Thromboem-
bolic and bleeding complications of bileaflet mechanical heart
valve prosthesis in Japan. Jpn J Cardiovasc Surg. 2012;41 Suppl.:1.
6. Law AMKW. Modeling and analysis. New York: McGraw-Hill;
1991.
7. Petitti DB. Meta-analysis, decision analysis, and cost-effective-
ness analysis. 2nd ed. New York: Oxford University Press; 2000.
8. Puvimanasinghe JP, Takkenberg JJ, Edwards MB, Eijkemans MJ,
Steyerberg EW, Van Herwerden LA, et al. Comparison of out-
comes after aortic valve replacement with a mechanical valve
or a bioprosthesis using microsimulation. Heart. 2004;90(10):
1172–8.
9. Puvimanasinghe JP, Steyerberg EW, Takkenberg JJ, Eijkemans
MJ, van Herwerden LA, Bogers AJ, et al. Prognosis after aortic
valve replacement with a bioprosthesis: predictions based on
meta-analysis and microsimulation. Circulation. 2001;103(11):
1535–41.
10. van Geldorp MW, Jamieson WR, Kappetein AP, Puvimanasinghe
JP, Eijkemans MJ, Grunkemeier GL, et al. Usefulness of mi-
crosimulation to translate valve performance into patient out-
come: patient prognosis after aortic valve replacement with the
Carpentier–Edwards supra-annular valve. J Thorac Cardiovasc
Surg. 2007;134(3):702–9.
11. Puvimanasinghe JP, Takkenberg JJ, Eijkemans MJ, Steyerberg
EW, van Herwerden LA, Grunkemeier GL, et al. Prognosis after
aortic valve replacement with the Carpentier–Edwards pericardial
valve: use of microsimulation. Ann Thorac Surg. 2005;80(3):
825–31.
12. Arias E. United States Life Tables, 2009. In: Centers for Disease
Control and Prevention, editor. Division of Vital Statistics NVSS;
2014. p. 1–63.
13. Ministry of Health LaW. The 21st life table. Tokyo: Health,
Labor and Welfare Statistics Association; 2014.
14. Abe T, Oshima H, Araki Y, Narita Y, Fujimoto K, Mutsuga M,
et al. Higher incidence of bleeding complication in patients with
mechanical prosthesis implanted at older ages; meta-regression.
Jpn J Cardiovasc Surg. 2014;43(Supplement):277.
15. Suri RM, Schaff HV. Selection of aortic valve prostheses: con-
temporary reappraisal of mechanical versus biologic valve sub-
stitutes. Circulation. 2013;128(12):1372–80.
16. Shen AY, Yao JF, Brar SS, Jorgensen MB, Chen W. Racial/
ethnic differences in the risk of intracranial hemorrhage among
patients with atrial fibrillation. J Am Coll Cardiol. 2007;50(4):
309–15.
17. Hori M, Connolly SJ, Zhu J, Liu LS, Lau CP, Pais P, et al. Da-
bigatran versus warfarin: effects on ischemic and hemorrhagic
strokes and bleeding in Asians and non-Asians with atrial fibril-
lation. Stroke. 2013;44(7):1891–6.
18. Takkenberg JJ, Puvimanasinghe JP, Grunkemeier GL. Simulation
models to predict outcome after aortic valve replacement. Ann
Thorac Surg. 2003;75(5):1372–6.
266 Gen Thorac Cardiovasc Surg (2015) 63:260–266
123
